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A B S T R A C T   

Ozonation transformation products (OTPs) are largely unknown compounds that are formed during the ozona-
tion of micropollutants, and it is uncertain to which extent these compounds can be removed by subsequent 
adsorption to activated carbon. Thus, 14C-labeled micropollutants were ozonated to generate 14C-labeled OTPs, 
for which the adsorption of the sum of all 14C-labeled OTPs to activated carbon could be determined, based on 
the adsorption of the labeled carbon. Further, 14CO2 traps were used to examine the mineralization of 14C-labeled 
moieties during ozonation. 14CO2-formation revealed a partial mineralization of the 14C-labeled moieties in all 
compounds except for propyl-labeled bisphenol A and O-methyl-labeled naproxen. A similar degree of miner-
alization was noted for different compounds labeled at the same moiety, including the carboxylic carbon in 
diclofenac and ibuprofen (~40% at 1 g O3/g DOC) and the aniline ring in sulfamethoxazole and sulfadiazine 
(~30% at 1 g O3/g DOC). Aromatic ring cleavage was also confirmed for bisphenol A, sulfamethoxazole, and 
sulfadiazine through the formation of 14CO2. The adsorption experiments demonstrated increased adsorption of 
micropollutants to powdered activated carbon after ozonation, which was connected to a decreased adsorption of 
dissolved organic matter (DOM). Conversely, the OTPs showed a substantial and successive decline in adsorption 
at increased ozone doses for all compounds, likely due to decreased hydrophobicity and aromaticity of the OTPs. 
These findings indicate that adsorption to activated carbon alone is not a viable removal method for a wide range 
of ozonation transformation products.   

1. Introduction 

Ozonation and activated carbon adsorption are the two most 
frequently used technologies for the abatement of organic micro-
pollutants in municipal wastewater. Both technologies can remove a 
wide range of organic micropollutants, although their mechanisms differ 
fundamentally. Activated carbon removes micropollutants through 
adsorption (Moreno-Castilla, 2004), whereas ozonation oxidizes 
micropollutants through direct reactions with ozone or secondarily 
formed hydroxyl radicals (von Sonntag and von Gunten, 2012). 
Ozone-based and activated carbon-based processes are usually operated 
individually, but their combination—in which ozonation is performed as 
a pretreatment to activated carbon adsorption—is also being explored 
(Boehler et al., 2020; Guillossou et al., 2020; Reungoat et al., 2010; 
Schollée et al., 2021). These studies have mainly focused on biological 

activated carbon filters, where both adsorption and biodegradation can 
occur. 

Several benefits of sequential ozonation and activated carbon 
adsorption have been proposed. This combination is expected to result 
in greater overall removal of a wide variety of organic micropollutants, 
because some compounds are better removed by ozonation and vice 
versa (Altmann et al., 2014; Margot et al., 2013). Ozonation also de-
creases the aromaticity and hydrophobicity of effluent organic matter 
(Świetlik et al., 2004; Treguer et al., 2010), which decreases the 
competition between organic micropollutants and effluent organic 
matter for adsorption sites on activated carbon, resulting in lower car-
bon usage rates (Guillossou et al., 2020; Zietzschmann et al., 2015). 
Activated carbon adsorption can further improve the removal of ozone 
oxidation products, such as byproducts formed from the wastewater 
matrix, and ozonation transformation products (OTPs) formed from 
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micropollutants, although the potential for adsorbing them remains 
largely unknown. 

Post-ozonation toxicity might be connected to the formation of 
organic and inorganic byproducts, such as bromate (Soltermann et al., 
2016), nitrosamines (Hollender et al., 2009), aldehydes (Lopachin and 
Gavin, 2014; Wert et al., 2007), and OTPs (Prasse et al., 2012; Wei et al., 
2021). OTPs often have lower specific toxicities compared with their 
parent compounds (Dodd et al., 2009; Huber et al., 2004; Lange et al., 
2006) but have also shown increased nonspecific toxicity in experiments 
with isolated organic micropollutants (e.g. Abellán et al., 2008; Kuang 
et al., 2013; Sui et al., 2017). 

Biological treatment of ozonated water has been recommended to 
reduce toxicity (Stalter et al., 2010), although seem unable to remove 
many of the OTPs that form (Edefell et al., 2021; Knopp et al., 2016). By 
combining biodegradation and adsorption in granular activated carbon 
(GAC) filters, an improved removal of OTPs has been observed (Knopp 
et al., 2016). Direct adsorption onto powdered activated carbon (PAC) is 
another promising option for the removal of OTPs (Gulde et al., 2021b). 
These findings have thus prompted further examination of the adsorp-
tion of OTPs to activated carbon. 

Potential OTPs have primarily been identified using various appli-
cations of solid phase extraction (SPE) followed by liquid chromatog-
raphy coupled to high-resolution mass spectrometry. These approaches 
have led to the identification of a large number of OTPs, the elucidation 
of transformation pathways and have enabled OTPs to be tracked in 
various treatment trains (Bourgin et al., 2018; Gulde et al., 2021a; 
Hermes et al., 2020; Knopp et al., 2016). Yet, an unknown number of 
OTPs remain undetected due to the lack of mass balancing (Hübner 
et al., 2015), and the expected OTPs from many aromatic and olefinic 
compounds have been difficult to detect (Gulde et al., 2021a), likely due 
to their increased polarity and smaller size. Further, OTPs can be 
partially mineralized during ozonation, although the extent to which the 
mineralization of micropollutants occurs during ozonation in municipal 
wastewater remains largely unknown. 

With respect to the overall tracking of OTPs, the use of 14C-labeled 

micropollutants could be useful, because their ozonation results in the 
formation of 14C-labeled OTPs, the overall behavior of which comprises 
a large amount of OTP structures that can be tracked and clearly sepa-
rated from other byproducts and effluent organic matter through their 
14C activities (ß-decay). Further, 14C-labeled micropollutants, in 
conjunction with CO2 traps, can be used to study mineralization path-
ways for various 14C-labeled moieties during such processes as ozona-
tion (Amir Tahmasseb et al., 2002; Massey and Lavy, 1997), 
biodegradation (Betsholtz et al., 2021), and their combination (Tian 
et al., 2017). However, 14C-labeling has not been applied to investigate 
the overall adsorption behavior of 14C-labeled OTPs formed at different 
ozone doses. 

This study aims to investigate formation of 14CO2 from certain 14C- 
labeled moieties in micropollutants during ozonation and to estimate 
the potential for adsorption of the generated 14C-labeled transformation 
products onto powdered activated carbon (PAC). Adsorption experi-
ments were performed along a gradient of PAC-doses with the formed 
14C-labeled transformation products from a set of 14C-labeled micro-
pollutants, at different ozone doses. 

2. Materials and methods 

Ozonation experiments were performed with 14C-labeled and the 
corresponding non-radiolabeled micropollutants, and the subsequent 
adsorption experiments were conducted with the same 14C-labeled 
micropollutants and the 14C-labeled OTPs, as illustrated in Fig. 1 and 
detailed in Sections 2.2–2.3. 

2.1. Micropollutant selection 

Nine 14C-labeled micropollutants (14C-MPs) with varying physico-
chemical properties were selected (Fig. 2): sulfamethoxazole [phenyl 
ring-u-14C] and sulfadiazine [phenyl-ring-u-14C] (both from Izotop, 
Hungary) and ibuprofen [RS-carboxyl-14C], naproxen [O-methyl-14C], 
diclofenac [carboxyl-14C], carbamazepine [carbonyl-14C], bisphenol A 

Fig. 1. Overview of experimental setup and parameters for ozonation and adsorption experiments. MPs: Micropollutants; OTPs: ozonation transformation products.  
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[ring-u-14C], bisphenol A [propyl-2-14C], and trimethoprim [ben-
zyl-14C] (Hartmann Analytics, Germany). All 14C positioning was chosen 
based on commercial availability, and the radiochemical and chemical 
purities were >98%. Non-radiolabeled micropollutants of analytical 
grade were also used for the experiments with subsequent UPLC-MS/MS 
analysis. 

The reaction rates with ozone and hydroxyl radicals in the literature 
are presented for each compound, as is the predicted hydrophobicity, 
expressed as logD (Fig. 2). All compounds except for ibuprofen had high 
reactivities with ozone (>105 M− 1 s− 1), to allow for a high formation of 
transformation products during the ozonation experiments (Packer 
et al., 2003; Rosenfeldt and Linden, 2004) 

2.2. Ozonation of radiolabeled and non-radiolabeled micropollutants 

The ozonation experiments were performed in 500 mL glass reactors 
that contained 100 mL of filtered (0.45 μm cellulose nitrate, Whatman) 
wastewater, retrieved after the secondary settler at Källby WWTP in 
Lund (Sweden). The wastewater was initially adjusted to pH 7.0 with 10 
mM NaH2PO4 buffer (adjusted with 1 M NaOH). Each 14C-labeled 
micropollutant was studied individually and added to the reactors at 1 
μCi/L, equivalent to micropollutant concentrations of 1–13 μg/L 
(Table S1). Separate reactors were spiked with the corresponding non- 
radiolabeled micropollutants, resulting in concentrations (spiked +
background) of 4–7 μg/L (Table S1). Additional reactors were prepared 
for ozonation before the addition of 14C-labeled micropollutants to 

isolate the influence of ozonation on the subsequent adsorption of the 
parent compound. 

A stock solution of ozone was prepared with an ozone generator 
(GM1, Primozone®, Sweden) by sparging ozone into an ice-cooled 
container with Milli-Q water (2 L) until a concentration of at least 70 
mgO3/L was reached. The concentration of this stock solution was 
determined spectrophotometrically (UV-VIS DR6000, Hach) at 600 nm 
with potassium indigotrisulfonate, per the indigo method (Bader and 
Hoigné, 1981). 

The ozone stock solution was added to the reactors with a glass 
pipette under constant stirring to reach doses of approximately 0, 0.3, 
0.6, and 1 g O3/g DOC, based on triplicate measurements of ozone, 
before and after dosing, in each experiment. To capture the 14CO2 that 
formed during the ozonation of 14C-labeled micropollutants, a glass tube 
of 30 mL (∅ 1.5 cm) that contained 20 mL 1 M NaOH was inserted into 
each reactor. After the addition of ozone stock solution, the reactors 
were sealed immediately with a rubber septum and incubated under 
dark conditions at 20 ◦C and 130 rpm for 40 h, to allow the 14CO2 that 
formed to reach the CO2 trap. Control experiments (Fig. S1) showed that 
the CO2 trap removed >95% of the inorganic carbon from the waste-
water within 24 h. Liquid samples from the non-14C reactors were then 
collected in 100 mL HDPE bottles and frozen for micropollutant anal-
ysis. In reactors with 14C-labeled micropollutants, samples (3 mL) from 
the liquid phases and CO2 traps were transferred to Eppendorf tubes for 
analysis of 14C activity within 24 h. The remaining liquid phase 
(approximately 100 mL) was used for subsequent adsorption 

Fig. 2. Micropollutants, with 14C positioning indicated by blue circles. kO3 and k⋅OH are the apparent second-order rate constants (M− 1 s− 1) with ozone, pH 7 and OH, 
respectively. Chemical structures, predicted pKa values, and octanol-water partitioning coefficients at pH 7 (logD) were obtained using Chemicalize, 2022.04 (https 
://chemicalize.com/, ChemAxon). References: a(Huber et al., 2003), b(Dodd et al., 2006) c(Deborde et al., 2005) d(Rosenfeldt and Linden, 2004), e(Huber et al., 
2005), f(Packer et al., 2003). 
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experiments, which started immediately after the ozonation 
experiments. 

2.3. Adsorption experiments 

After the ozonation experiments, liquid samples were diluted with 
Milli-Q water to reach the same volume (and similar contents of dis-
solved organic carbon, DOC) for the adsorption experiments. The water 
from each ozonation experiment (Fig. 2) was distributed into nine 10 mL 
aliquots into 15 mL Falcon tubes. PAC stock solution (1 g/L) was pre-
pared with 1.00 g PAC (Norit Sae Super, Cabot) and dosed under con-
stant mixing to reach approximate doses of 0, 2.5, 5, 7.5, 10, 15, and 20 
mg PAC/L (slightly lower due to dilution <2%, from the stock solution). 
The tubes were incubated in the dark at 20 ◦C and 150 rpm for 40 h to 
allow adsorption equilibrium to be reached. To separate suspended PAC, 
the tubes were centrifuged at 3850 g for 10 min, and the supernatant (2 
mL) was transferred to Eppendorf tubes for analysis within 24 h. 

A complementary experiment with ozonation and PAC was per-
formed to examine the changes in dissolved organic matter (DOM) and 
ultraviolet absorption at 254 nm (UVA254) over a broader range of PAC 
doses, as detailed in the SI (Section S3, Fig. S2 and Table S2). 

2.4. Analysis 

The 14C activity was measured by liquid scintillation counting (Tri- 
Carb 4910 TR, PerkinElmer). Portions of the samples (0.2 mL of the 
NaOH trap samples and 0.4 mL of the liquid samples) were mixed with a 
scintillation cocktail (Hionic-Flour, PerkinElmer) to 4 mL, after which 
the mean counts per minute (over 5 min) were recorded. The back-
ground radiation values that were measured for wastewater or NaOH 
(mean of 5 samples) were subtracted from the value of each sample. 

Liquid samples that contained non-radiolabeled micropollutants 
were prepared by solid-phase extraction (SPE), followed by ultra- 
performance liquid chromatography (UPLC) that was coupled to tan-
dem mass spectroscopy (MS/MS), as detailed in Svahn and Björklund 
(2019, 2016). Briefly, 50 mL samples were concentrated on SPE columns 
(Oasis HLB 200 mg). After being dried, eluted, and evaporated, the 
samples were reconstituted and injected (1 μl) into the UPLC MS/MS 
instrument (Waters Acquity UPLC H-Class, Xevo TQS Waters Micromass, 
Manchester, UK). Limits of quantification (LOQs) and relative standard 
deviations (RSDs) for the micropollutants are provided in Table S3. 

The main parameters of the biologically treated wastewater samples 
were measured after filtration (0.45 μm cellulose nitrate, Whatman). 
DOC was determined spectrophotometrically on a Hach-Lange DR 2800 
using Hach-Lange cuvettes (LCK 385). UVA254 was recorded in 5 cm 
quartz cuvettes on a spectrophotometer (Dr6000, Hach). Nitrite (NO2

− - 
N) was measured in an ion chromatograph with conductivity detection 
(ECO IC, Metrohm, Switzerland). 

3. Results and discussion 

Ozonation of 14C-labeled micropollutants in wastewater was per-
formed to evaluate 14CO2 formation from specific moieties and to 
investigate the overall adsorption of the generated 14C-labeled OTPs to 
activated carbon. Standard parameters of the filtered wastewater are 
presented for each experiments along with the micropollutants studied 
on each occasion (Table S4). Slight variations in DOC (8–10 mg/L) and 
UVA254 (14.2–15.6 m− 1) in the wastewater used for the ozonation ex-
periments were observed for the three experiments, which were run 
with different sets of 14C-labeled micropollutants (Table S4). 

3.1. Ozonation experiments 

The ozone doses approximated the targets 0.3 ± 0.1, 0.6 ± 0.1, and 
1.0 ± 0.1 g O3/g DOC and resulted in similar reductions in UVA254 
between experiments (Table S5). Low mineralization of DOM was 

observed (<10% as DOC at the highest ozone dose, Table S2), consistent 
with the literature (Knopp et al., 2016; Reungoat et al., 2012). 

The results of the ozonation of 14C-labeled micropollutants are 
shown in the upper panels of Fig. 3. For all compounds except naproxen 
[O-methyl-14C] and bisphenol A [propyl-2-14C], some of the 14C-labeled 
moieties were mineralized to 14CO2, as evidenced by the increased 14C 
activity in the CO2 traps. The extent of 14CO2 formation increased with 
higher specific ozone doses and was accompanied by decreasing 14C 
activity in the corresponding liquid phases. The total 14C activity in the 
reactors (liquid phase + CO2-trap) approximated the initial activity 
within ±5%. 

By combining the results on the ozonation of radiolabeled and non- 
radiolabeled MPs, we calculated the distribution of 14C activity between 
14C-MPs, 14C-OTPs, and 14CO2 (Fig. 3; lower panels). In experiments 
with non-radiolabeled micropollutants, nearly complete transformation 
of all compounds was observed already at the lowest specific ozone dose 
(0.3 g O3/g DOC), except for ibuprofen, which experienced extents of 
transformation of approximately 60%, 90%, and 100% at 0.3, 0.6, and 
1.0 g O3/g DOC, respectively (Tables S5 and S6), consistent with pre-
vious results (Lee et al., 2013) and as expected from the high specific 
ozone reactivities of all compounds except for ibuprofen. 

3.1.1. CO2 formation from 14C-labeled moieties 
Sulfamethoxazole and sulfadiazine – 14C aniline rings 
The two sulfonamides, sulfamethoxazole and sulfadiazine, showed 

similar degrees of 14CO2 formation at each ozone dose (roughly 30% at 1 
g O3/g DOC), based on the partial mineralization of the 14C-labeled 
aniline ring. The most reactive site on sulfamethoxazole is considered to 
be the aniline group (Dodd et al., 2006). Oxidation of the anilinic ni-
trogen can result in the formation of nitro-sulfamethoxazole (Abellán 
et al., 2008; Gao et al., 2014; Gómez-Ramos et al., 2011), deactivating 
the benzene ring (Hoigné and Bader, 1983) from further reaction with 
ozone. Still, transformation of the aniline ring has also been observed via 
hydroxylation (Abellán et al., 2008) and by cleavage of the aniline ni-
trogen, resulting in quinone group formation (Willach et al., 2017), 
wherein subsequent reactions with ozone could lead to the observed ring 
cleavage. In experiments with aniline, direct reactions with ozone have 
indicated a potential ring cleavage (Tekle-Röttering et al., 2016). 
However, no OTPs resulting from aromatic ring cleavage of sulfameth-
oxazole and sulfadiazine have been reported (Table S7). 

Diclofenac and ibuprofen – 14C carboxyl carbons 
Diclofenac and ibuprofen were 14C-labeled at their respective car-

boxy carbons, which showed similar degrees of 14CO2 formation 
(approximately 40% at 1 g O3/g DOC), despite the much higher ozone 
reactivity for diclofenac (~106 M− 1 s− 1) compared with ibuprofen (~10 
M− 1 s− 1) (Huber et al., 2003). The ozone-reactive sites in diclofenac 
include an aniline-type moiety and an activated aromatic ring (Sein 
et al., 2008), whereas ibuprofen lacks reactive groups and has only a 
slightly activated aromatic ring (Huber et al., 2003). The similar degrees 
of 14CO2 formation that we observed suggest that hydroxyl radicals 
could be involved in the mineralization of the carboxyl groups, as pre-
viously proposed (Alharbi et al., 2021), but needs to be further 
confirmed in experiments where the hydroxyl radical exposure is 
monitored or excluded. 

Bisphenol A – 14C ring- and propyl-2 groups 
During the ozonation of bisphenol A, the 14C-labeled aromatic rings, 

underwent mineralization to CO2 (24% at 1 g O3/g DOC), whereas no 
mineralization of the 14C-labeled propyl-2 group (<1% at 1 g O3/g DOC) 
was observed. Bisphenol A has a high reactivity (7 × 105 M− 1 s− 1, 
Deborde et al., 2005) with ozone and has been reported to result in 
typical primary phenol OTPs, such as catechol, benzoquinone, ortho-
quinone and muconic acid derivative (Deborde et al., 2008, Table S10), 
where the formation of the muconic acid derivative involves ring 
cleavage. Ozone reactions with the olefins in muconic acid has further 
been reported to result in the formation of new and smaller carboxylic 
acids where subsequent decarboxylation has been proposed as a 
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CO2-forming mechanism (Yamamoto et al., 1979). 
Carbamazepine – 14C carbonyl carbon 
Ozonation of 14C-labeled carbamazepine resulted in low (3%) 

mineralization of the labeled carbonyl group at 0.3 g O3/g DOC but 
greater mineralization at higher doses (10% and 16% at 0.6 and 1 g O3/g 
DOC, respectively). Ozonation of carbamazepine has been reported to 
primarily target the olefin group, resulting in secondary ring formation 
where the formed OTPs have low further reactivities with ozone (<7 
M− 1s− 1 per McDowell et al., 2005). Further transformation of these 
compounds may however proceed via reactions with hydroxyl radicals 
(e.g. ~7 × 109 M− 1 s− 1 and ~5 × 109 M− 1 s− 1 for BQM and BQD 
(McDowell et al., 2005), although proposed OTP structures from various 
studies have the 14C-labeled carbonyl carbon intact (Azaïs et al., 2017; 

Gulde et al., 2021a; Hübner et al., 2014; Kråkström et al., 2020; 
McDowell et al., 2005, Table S11). The previously known trans-
formation products can thus not fully explain the mechanisms respon-
sible for the observed CO2 formation that could be due to unknown side 
reactions. 

Trimethoprim – 14C benzyl carbon 
Ozonation of trimethoprim resulted in low (3%) mineralization of 

the labeled benzyl group at 0.3 g O3/g DOC and slightly higher miner-
alization—7% and 14%—at 0.6 and 1 g O3/g DOC, respectively. The 
aromatic rings in both the diaminopyrimidine and trimethoxytololuene 
moieties are activated, and the reactions have been proposed to occur by 
hydroxylation, carbonylation, demethylation, or cleavage of the meth-
ylene group (Kuang et al., 2013; Table S12). By using model substrates, 

Fig. 3. Partitioning of 14C activities between the liquid phase and CO2 trap (upper panels) and the distribution of 14C activities between 14C-labeled micropollutants 
(14C-MP), 14C-labeled transformation products (14C-OTPs), and 14C-labeled carbon dioxide (14CO2) (bottom panel). 
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diaminopyrimidine and trimethoxytoluene moieties, it has further been 
indicated that the ozone attacks are not directly targeting the 
14C-labeled benzyl-bridge (Dodd et al., 2006), and the low 14CO2 for-
mation could therefore be expected to occur from previously unknown 
side reactions. 

Naproxen – 14C O-methyl carbon 
The ozonation of 14C-labeled naproxen did not result in any 14CO2 

formation, based on the mineralization of the labeled O-methyl group at 
doses of up to 0.6 g O3/g DOC. Naproxen has high reactivity (~2 × 105 

M− 1 s− 1; Huber et al., 2005) with ozone that is linked to activation of the 
naphthalene structure by the O-methyl and alkyl moieties (von Sonntag 
and von Gunten, 2012), which could lead to ring-opened products. 
However, attacks on the 14C-labeled O-methyl carbon are expected to be 
limited for ozone as indicated for methoxybenzene (290 M− 1 s− 1; 

Hoigné and Bader, 1983) and protonated metoprolol (330 M− 1 s− 1; 
Benner et al., 2008), and relatively low with hydroxyl radicals, as 
indicated for methyl tert-butyl ether (kOH = 1.9 × 109 M− 1 s− 1; Acero 
et al., 2001), which supports the lack of observed 14CO2 formation. 

3.2. Adsorption experiments 

3.2.1. Adsorption of 14C-labeled parent compounds in pre-ozonated 
wastewater 

The results of the adsorption experiments with 14C-labeled micro-
pollutants and their 14C-labeled OTPs in ozonated wastewater (0.3, 0.6, 
and 1 g O3/g DOC) are shown in Fig. 4. Adsorption of the radiolabeled 
parent compound (14C-MP) increased for all micropollutants after 
ozonation, with higher degrees of adsorption seen at higher ozone doses 

Fig. 4. Adsorption of 14C-labeled micropollutants (14C-MPs) in non-ozonated water (red) and pre-ozonated water (blue) or a combination of micropollutants and 
their ozonation transformation products (14C-OTPs, yellow), as a function of the PAC doses. 

A. Betsholtz et al.                                                                                                                                                                                                                               



Water Research 221 (2022) 118738

7

(Fig. 4). These results are expected, based on the lower hydrophobicity 
and aromaticity of effluent organic matter after ozonation (Treguer 
et al., 2010). By normalizing the PAC dose against the initial UVA254 
signals for each ozone dose, the adsorption patterns for the micro-
pollutants in ozonated effluent could also be partially aligned 
(Figs. S5–S7). The decreased competition of effluent organic matter for 
adsorption sites on the activated carbon was further indicated by the 
lower adsorption of DOM with higher specific ozone doses (Fig. S2). 

The adsorption of the parent compound was highest for trimetho-
prim, followed by bisphenol A, carbamazepine, diclofenac, naproxen, 
sulfamethoxazole, sulfadiazine, and ibuprofen. The adsorption affinities 
for these compounds could not be predicted by hydrophobicity alone as 
indicated by the logD values (Fig. 2), which has been previously 
observed (Kovalova et al., 2013). As reported, the molecular charge 
impacts the adsorption pf micropollutants to activated carbon (De Rid-
der et al., 2011; Gidstedt et al., 2022), explaining the strong adsorption 
of positively charged trimethoprim, despite its low hydrophobicity 
(logD = 0.9), whereas negatively charged compounds with the lowest 
logD values (sulfamethoxazole, sulfadiazine, and ibuprofen) had the 
lowest adsorption affinities. 

Freundlich isotherms were fitted to the experimental data to estimate 
the required PAC dose for 80% removal of each micropollutant in the 
pre-ozonated effluent, which was spiked with micropollutants (Section 
S8; Fig. S3). Compounds with data that did not reach this target removal 
(ibuprofen, sulfamethoxazole, and sulfadiazine) were excluded from the 
comparison; these compounds were also poorly described by Freundlich 
isotherms (Fig. S3), as observed previously for poor adsorbates, such as 
sulfamethoxazole (Altmann et al., 2014; Nam et al., 2014; Zietzsch-
mann et al., 2014). For the remaining compounds, the concentration of 
PAC that was required to remove 80% of the micropollutant could be 
decreased by 20–30%, 30–50% and 40–70% at pre-ozonation doses of 
0.3, 0.6 and 1 g O3/g DOC, respectively (Fig. S4), and in a similar range 
as for diclofenac and carbamazepine in Zietzschmann et al. (2015). 

3.2.2. Adsorption of 14C-labeled OTPs in wastewater 
For all compounds except ibuprofen, the ozonation of 14C-labeled 

micropollutants decreased the adsorption of 14C activity at higher ozone 
doses (Fig. 4; yellow circles). As shown in Fig. 2, the 14C activity in these 
samples consisted primarily of various degrees of oxidized 14C-OTPs and 
small (<1%) amounts of parent compound micropollutants, except for 
ibuprofen. Thus, lower adsorption of OTPs to activated carbon, 
compared with parent compounds, can be expected after ozonation. The 
decline in adsorption of OTPs at higher ozone doses can be explained by 
the reduction in their aromaticity or hydrophobicity and was seen 
despite the beneficial effect of the decreased aromaticity (as indicated by 
the UVA254 values; Table S2) and adsorption (as shown in Fig. S2) of 
DOM. The observed decrease in OTP adsorption was also supported by in 
silico calculations of the hydrophobicity of previously identified OTPs, 
indicating a general decrease in logD values during ozonation, with a 
significant decrease in hydrophobicity after the formation of carboxylic 
acids (Tables S7–S12). 

Comparing the adsorption of OTPs from various parent compounds, 
the two highest-adsorbing micropollutants (trimethoprim and bisphenol 
A) underwent the largest decreases in adsorption of their respective 
OTPs (from ~100% to 27% and 39%, respectively, at 0.3 g O3/g DOC; 
10 mg PAC/L), whereas that of carbamazepine OTPs did not fall to the 
same extent (from ~100% to 67% at 0.3 g O3/g DOC; 10 mg PAC/L). For 
trimethoprim and bisphenol A, the large decrease in OTP adsorption 
could be explained by the high reactivity of the aromatic rings (Deborde 
et al., 2008; Kuang et al., 2013) where ozonation is likely to result in ring 
cleavage. This reduces both aromaticity and hydrophobicity and thus 
their potential for adsorption to activated carbon via π-π interactions 
and hydrophobic interactions (Moreno-Castilla, 2004). 

For bisphenol A, the largest decrease in OTP hydrophobicity was 
predicted after ring cleavage and muconic acid formation (Table S10). 
The adsorption of OTPs from bisphenol A [ring-u-14C] and bisphenol A 

[propyl-2-14C] experienced similar decreases after ozonation, suggest-
ing that 14C-labeled moieties were connected to similar OTPs (or OTPs 
with similar affinities for adsorption). However, based on the expected 
formation of small carboxylic acids after ozone-induced cleavage of the 
phenol ring (Yamamoto et al., 1979), a somewhat lower adsorption 
could be expected for OTPs from ring-labeled Bisphenol A than for OTPs 
for propyl-labeled Bisphenol A. For trimethoprim, ring-opened OTPs 
have not been reported (Table S12), but are likely to be formed with 
increasing ozone doses due to the high reactivity of the both rings at pH 
7 (Dodd et al., 2006). 

The aromatic rings of carbamazepine, however, have low reactivities 
toward ozone (McDowell et al., 2005), suggesting that the aromaticity of 
its OTPs (and thus potential for π-π interactions) is partially preserved 
during ozonation. The predicted hydrophobicity of the major OTPs 
(BQM, BQD and BaQD) with preserved aromatic rings were also similar 
to that of carbamazepine, but lower for the carboxylic product BaQD 
(McDowell et al., 2005; Table S11). 

For sulfamethoxazole and sulfadiazine, the adsorption trends were 
similar for the parent compounds and OTPs. The decreased adsorption of 
the OTPs might have been attributed to greater polarity and decreased 
aromaticity that was caused by the ozonation or cleavage of the aniline 
ring. Ring cleavage could also be expected from the observed 14CO2 
formation during ozonation of the two sulfonamides. Predicted hydro-
phobicity of previously observed sulfamethoxazole OTPs that had the 
14C-labeled moiety intact all had comparable logD values (log D =
− 0.35–0.73, Table S7), but did not include the ring cleavage observed in 
this study. 

The adsorption of transformation products of ibuprofen did not 
decrease to the same degree as those of other compounds. As discussed, 
ibuprofen has low reactivity toward ozone and was the only parent 
compound that was present in substantial residual concentrations 
(~40%) after ozonation at 0.3 g O3/g DOC. Therefore, the observed 
adsorption pattern at 0.3 g O3/g DOC is influenced by two separate ef-
fects, (i) increased adsorption of 14C-labeled ibuprofen after ozonation 
due to decreased competition of the DOM for adsorption sites, and (ii) 
decreased adsorption of 14C-labeled OTPs after ozonation. Due to the 
low reactivity of the aromatic ring (Huber et al., 2003), a small decrease 
in the adsorption of ibuprofen OTPs could be expected. 

The overall adsorption of 14C-OTPs to PAC in this study was low in 
comparison to the adsorption of many individual OTPs observed 
recently (Gulde et al., 2021b). When applying LC-HR-MS/MS-based 
methods, detecting the OTPs that are generated might be difficult for 
small and polar compounds, such as after aromatic ring cleavage (Gulde 
et al., 2021a). In contrast, the 14C-based approach allows one to track 
heavily transformed compounds whenever their 14C-labeled carbon 
remain connected. Thus, we hypothesize that the 14C-based approach to 
a larger extent represents higher generation transformation products, 
with increased polarity, lower aromaticity, and thereby reduced 
adsorption to activated carbon. Although the partial loss of 14C moieties 
from the main OTP is expected, particularly for compounds with 
14C-labeling in ozone-reactive moieties, the consistent decreases in the 
adsorption of 14C-OTPs suggests that a general decline in OTP adsorp-
tion can be expected with rising ozone doses. 

In combination with high-resolution mass spectrometry, 14C-labeling 
in a specific position could assist in the elucidation and exclusion of 
potential transformation pathways, as previously done for biological 
systems (Achermann et al., 2018; Falås et al., 2018). By labeling one 
compound in different positions, it may further be possible to assist in 
the discrimination between different transformation pathways of the 
same compound and to elucidate the adsorption potential of different 
groups of OTPs originating from the same compound. Finally, our results 
indicate the possibility of providing structure-based prediction schemes 
for 14CO2 formation of key micropollutant moieties, such as carboxylic 
groups and aniline-rings, by targeted 14C-labeling. 
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4. Conclusion 

Nine 14C-labeled micropollutants were ozonated to study the 
mineralization of various 14C-labeled moieties and examine the overall 
adsorption of the 14C-labeled transformation products to activated car-
bon, yielding the following conclusions: 

• Several micropollutants were partially mineralized during ozona-
tion, and some 14C-labeled moieties were mineralized up to 40% at 1 
g O3/g DOC, which is considerably higher than for DOM (<10% as 
DOC). The degree of 14CO2 formation was affected by the position of 
the 14C-labeled moiety, as confirmed by labeling of one compound at 
different positions. Similar extents of 14CO2 formation could also be 
observed for micropollutants that were labeled at the same moiety.  

• Ozonation decreased the dose of PAC that was required for 80% 
micropollutant removal by 20–30% in pre-ozonated water at 0.3 g 
O3/g DOC and by 40–70% at 1 g O3/g DOC. The increase in parent 
compound adsorption was associated with declining adsorption of 
DOM.  

• The adsorption of OTPs to activated carbon decreased with 
increasing ozone doses for all micropollutants, most likely attributed 
to a successive decline in hydrophobicity and aromaticity of the 
OTPs during ozonation, reducing the potential for adsorption to 
activated carbon via π-π or hydrophobic interactions. 

With regard to combining ozonation and activated carbon adsorp-
tion, our results indicate that most OTPs cannot be expected to undergo 
substantial removal by adsorption to activated carbon. This raises the 
question whether adsorption to activated carbon is a viable option for 
removing a range of ozonation transformation products. However, in 
contrast to PAC processes, biological activated carbon filters can remove 
OTPs via the two mechanisms adsorption and biodegradation, and their 
combined ability to remove OTPs needs further investigations. 
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